Abstract: Surface mechanical attrition treatment (SMAT) is an effective method to accelerate the nitriding process of metallic materials. In this work, a novel technique named surface nano-alloying (SNA) was developed on the basis of surface mechanical attrition treatment, which was employed as a pretreatment for the nitriding of low carbon steel materials. The microstructure and surface properties of treated samples were investigated by SEM, XRD, TEM and the Vickers hardness test. Experimental results showed that a surface alloying layer (Cr element) of about 10-20 µm in thickness was formed on the low carbon steel sample after the surface nano-alloying treatment. After nitriding for the SNA sample, a complex compound layer composed of Fe 2-3 N, FeCr and Cr 2 N phases was fabricated. Moreover, the thickness of this compound layer was about 50 µm. Meanwhile, both the surface hardness and wear resistance of the SNA nitrided sample are better that those of the SMAT nitrided sample. This work offers a new approach for improving the nitriding process of steel materials.
Introduction
Surface mechanical attrition treatment (SMAT) is an effective surface modification technique to improve the surface properties of metallic materials including hardness, wear and corrosion resistance by server plastic deformation [1] [2] [3] [4] [5] [6] [7] [8] . Using SMAT, different microstructures can be obtained within the deformed surface layer through the depth from the treated surface to the strain-free matrix, i.e., from nano-sized grains to sub-micro-sized and micro-sized crystalline on a bulk material [1, [3] [4] [5] [6] . Previous studies showed that the atom diffusion ability on SMATed materials was significantly enhanced due to the formation of a large number of grain boundaries or other defects (vacancy, dislocation and interfaces) by SMAT [9] [10] [11] [12] [13] [14] . For example, Tong and Zhang showed that the gaseous nitriding of a SMATed pure iron plate and the plasma nitriding of a SMATed AISI 304 stainless steel specimen were also achieved recently at 300 • C and 400 • C, respectively. These temperatures are evidently lower than those in conventional nitriding processes (500-550 • C) [9, 10] . In addition, the experiment of chromizing behaviors of the SMATed steel sample showed that the formation temperature of chromium compounds was found to be much lower and the amount of chromium carbides was higher than those in the coarse-grained counterpart [11] . Moreover, the significantly enhanced aluminizing behaviors of a low carbon steel at temperatures far below the austenitizing temperature, with a nanostructured surface layer produced by surface mechanical attrition treatment, was found to show us that SMAT seems to be appropriate for enhancing the atom diffusion ability efficiently [12] . As we know, mechanical alloying (MA) is a well-established method to prepare metastable phases (such as supersaturated solid solutions) by energetic collisions in a ball mill [15] . Additionally, surface mechanical alloying (SMA) was developed based on MA to fabricate coatings on metallic materials via ball milling [16] . Recently, a novel surface technology named surface nano-alloying (SNA) was developed on the basis of SMAT to fabricate a nanocrystalline composite surface on metallic materials [17] [18] [19] [20] [21] . Commonly, a small amount of alloy powder was added to the chamber before the SMAT process. Subsequently, the impacts of the milling balls delivered particles from the powder charge and attached them to the surface. Furthermore, due to the formation of a large number of deformation-induced non-equilibrium grain boundaries, non-equilibrium excessive vacancies and other defects, such as dislocations, twins and lattice strains induced by SMAT, the surface becomes chemically active, which may promote interdiffusion between the alloy element and substrate. Ultimately, a composite surface including the supersaturated solid solution, intermetallic compound and amorphous phases can be formed by this method [22] . At present, this method has become a hot topic in the surface engineering field. For example, Du et al. showed that Ni powders were welded into the surface of iron plates by SMAT [22] . Révész et al. illustrated that Cu plates were coated mechanically with a mixture of Ti and Zr powders via a combination of deposition, wear, deformation and defect-enhanced diffusion processes [23] .
In this paper, surface nano-alloying was employed as a pretreatment for a low carbon steel sample. Subsequently, the nitriding behaviors of the surface nano-alloying sample were investigated in comparison with those of original and SMATed samples.
Materials and Methods
A 20 steel plate (4 × 100 × 100 mm 3 in size) with chemical composition of (in wt.%): 0.2 C, 0.17 Si, 0.5 Mn, 0.25 Cr, 0.035 P (max.), 0.035 S (max.) and balance Fe, was used in the present study. The as-received sample was annealed at 950 • C for 1 h in vacuum to eliminate the effect of mechanical deformation and to obtain homogeneous coarse grains. Prior to surface nano-alloying, the specimens were machined and surface-polished with silicon carbide paper to grade 1200.
SNA was performed in a vacuum chamber as the schematic diagram of the experimental apparatus shown in Figure 1 . GCr15 steel balls with a diameter of 4 mm and about 1 g Cr powders were placed at the bottom of the chamber. This chamber was vibrated by a generator with a frequency of 50 Hz. The balls generated mechanical attrition on the surface of iron plate, producing plastic deformation in the surface layer, and welding of the Ni powders onto the surface of sample. In this work, the sample was treated for 60 min. Subsequently, the samples were treated by plasma nitriding at 550 • C for 4 h. The processing of plasma nitriding was described in our previous work [24] .
Coatings 2016, 6, 63 2 of 7 treatment, was found to show us that SMAT seems to be appropriate for enhancing the atom diffusion ability efficiently [12] . As we know, mechanical alloying (MA) is a well-established method to prepare metastable phases (such as supersaturated solid solutions) by energetic collisions in a ball mill [15] . Additionally, surface mechanical alloying (SMA) was developed based on MA to fabricate coatings on metallic materials via ball milling [16] . Recently, a novel surface technology named surface nano-alloying (SNA) was developed on the basis of SMAT to fabricate a nanocrystalline composite surface on metallic materials [17] [18] [19] [20] [21] . Commonly, a small amount of alloy powder was added to the chamber before the SMAT process. Subsequently, the impacts of the milling balls delivered particles from the powder charge and attached them to the surface. Furthermore, due to the formation of a large number of deformation-induced non-equilibrium grain boundaries, non-equilibrium excessive vacancies and other defects, such as dislocations, twins and lattice strains induced by SMAT, the surface becomes chemically active, which may promote interdiffusion between the alloy element and substrate. Ultimately, a composite surface including the supersaturated solid solution, intermetallic compound and amorphous phases can be formed by this method [22] . At present, this method has become a hot topic in the surface engineering field. For example, Du et al. showed that Ni powders were welded into the surface of iron plates by SMAT [22] . Révész et al. illustrated that Cu plates were coated mechanically with a mixture of Ti and Zr powders via a combination of deposition, wear, deformation and defect-enhanced diffusion processes [23] .
A 20 steel plate (4 × 100 × 100 mm 3 in size) with chemical composition of (in wt.%): 0.2 C, 0.17 Si, 0.5 Mn, 0.25 Cr, 0.035 P (max.), 0.035 S (max.) and balance Fe, was used in the present study. The as-received sample was annealed at 950 °C for 1 h in vacuum to eliminate the effect of mechanical deformation and to obtain homogeneous coarse grains. Prior to surface nano-alloying, the specimens were machined and surface-polished with silicon carbide paper to grade 1200.
SNA was performed in a vacuum chamber as the schematic diagram of the experimental apparatus shown in Figure 1 . GCr15 steel balls with a diameter of 4 mm and about 1 g Cr powders were placed at the bottom of the chamber. This chamber was vibrated by a generator with a frequency of 50 Hz. The balls generated mechanical attrition on the surface of iron plate, producing plastic deformation in the surface layer, and welding of the Ni powders onto the surface of sample. In this work, the sample was treated for 60 min. Subsequently, the samples were treated by plasma nitriding at 550 °C for 4 h. The processing of plasma nitriding was described in our previous work [24] . The phase information of treated samples were analyzed by a X Pert Pro PW3040/60 X-ray diffractometer (XRD) (Panalytical, Almelo, The Netherlands) using Cu Kα radiation (40 kV, 40 mA). Cross-sectional morphologies of various samples were observed by using Zeiss Ultra 55 scanning electron microscope (SEM) (Zeiss, Oberkochen, Germany). The element concentrations through the cross-section were analyzed by EDS (Zeiss, Oberkochen, Germany). Microstructure characterizations were also examined by using a Jeol-4000FX transmission electron microscope (TEM) (Jeol, Tokyo, Japan) with an operating voltage of 200 kV. The samples for TEM observation were prepared by grinding and mechanical polishing followed by ion-thinning at lower temperature.
Microhardness (HV) tests on the experimental samples were performed on a L101MVD model Vickers microhardness tester (Mitutoyo, Tokyo, Japan). The testing was carried out at a load of 25 g with duration of 10 s. Wear resistance tests were carried out on Optimol SRV®tribometer (Optimol, Berlin, Germany) with WC-6% Co ball. The duration of test is 30 min and the loads are 5 N, 15 N, 30 N, and 50 N, respectively. The wear volume loss was calculated by Archard formula.
Results and Discussion

Microstructure of SNA Sample
After SNA, the visual color of the sample surface changed from silver-white to gray-black, indicating the introduction of impurities into the surface layer during SNA. Figure 2 shows the cross-sectional SEM image and the corresponding EDS analysis of the SNA sample. It can be seen that the microstructure of the SNA sample were taken from different regions. Evidently, severe plastic deformation during the SNA process results in an inhomogeneous and non-uniform surface alloying layer (Cr element). The maximum thickness of the alloying layer can exceed 20 µm in some regions. In addition, a deformed layer (substrate) of about 100 µm in thickness can be found below the alloying layer. The phase information of treated samples were analyzed by a X Pert Pro PW3040/60 X-ray diffractometer (XRD) (Panalytical, Almelo, The Netherlands) using Cu Kα radiation (40 kV, 40 mA). Cross-sectional morphologies of various samples were observed by using Zeiss Ultra 55 scanning electron microscope (SEM) (Zeiss, Oberkochen, Germany). The element concentrations through the cross-section were analyzed by EDS (Zeiss, Oberkochen, Germany). Microstructure characterizations were also examined by using a Jeol-4000FX transmission electron microscope (TEM) (Jeol, Tokyo, Japan) with an operating voltage of 200 kV. The samples for TEM observation were prepared by grinding and mechanical polishing followed by ion-thinning at lower temperature.
Microhardness (HV) tests on the experimental samples were performed on a L101MVD model Vickers microhardness tester (Mitutoyo, Tokyo, Japan). The testing was carried out at a load of 25 g with duration of 10 s. Wear resistance tests were carried out on Optimol SRV® tribometer (Optimol, Berlin, Germany) with WC-6% Co ball. The duration of test is 30 min and the loads are 5 N, 15 N, 30 N, and 50 N, respectively. The wear volume loss was calculated by Archard formula.
Results and Discussion
Microstructure of SNA Sample
After SNA, the visual color of the sample surface changed from silver-white to gray-black, indicating the introduction of impurities into the surface layer during SNA. Figure 2 shows the crosssectional SEM image and the corresponding EDS analysis of the SNA sample. It can be seen that the microstructure of the SNA sample were taken from different regions. Evidently, severe plastic deformation during the SNA process results in an inhomogeneous and non-uniform surface alloying layer (Cr element). The maximum thickness of the alloying layer can exceed 20 μm in some regions. In addition, a deformed layer (substrate) of about 100 μm in thickness can be found below the alloying layer. 
Microstructure of SNA Sample after Nitriding
The image shown in Figure 3 is the cross-sectional SEM microstructure of the SNA sample after nitriding at 550 °C for 4 h, in comparison with that of the SMAT sample after nitriding at the same conditions. For the SMAT nitrided sample, the nitrided layer includes the compound layer, transition zone and diffusion layer from the surface to the inside, respectively, as shown in Figure 3a . The compound layer thickness in the SMAT nitrided sample is 30 μm. However, an obviously different microstructure was detected on the SNA nitrided sample. As shown in Figure 3b , it can be observed that a complex compound layer about 50 μm thick was formed on the SNA nitrided sample. Especially, the overall compound layer can be categorized into three parts from the top surface into the interior. The outermost layer is very dense, the thickness of which is about 20 μm. The middle layer displays a needle-like shape and the inner layer is not uniform. The formation of the complex compound layer may originate from the interdiffusion between nitrogen, chromium and ferrite atoms. 
The image shown in Figure 3 is the cross-sectional SEM microstructure of the SNA sample after nitriding at 550 • C for 4 h, in comparison with that of the SMAT sample after nitriding at the same conditions. For the SMAT nitrided sample, the nitrided layer includes the compound layer, transition zone and diffusion layer from the surface to the inside, respectively, as shown in Figure 3a . The compound layer thickness in the SMAT nitrided sample is 30 µm. However, an obviously different microstructure was detected on the SNA nitrided sample. As shown in Figure 3b , it can be observed that a complex compound layer about 50 µm thick was formed on the SNA nitrided sample. Especially, the overall compound layer can be categorized into three parts from the top surface into the interior. The outermost layer is very dense, the thickness of which is about 20 µm. The middle layer displays a needle-like shape and the inner layer is not uniform. The formation of the complex compound layer may originate from the interdiffusion between nitrogen, chromium and ferrite atoms. To further investigate the phase information of the SNA nitrided sample, the XRD analysis was employed and its results are shown in Figure 4 . It can be observed that the surface layer of the SMAT nitrided sample consists of Fe2-3N and Fe4N phases. However, in the SNA sample nitrided under the same conditions, strong FeCr and Cr2N phase diffraction peaks can be observed, indicating that interdiffusion may happen during the nitriding process. These results can be confirmed by the TEM observation and the corresponding selected area electron diffraction (SAED, shown in Figure 5 ). From the TEM results, it can be seen that the composition of the surface layer of the SNA nitrided sample was found to be composed of an ultrafine polycrystalline compound. The phases include Fe2-3N, FeCr and Cr2N, and these results are in agreement with the XRD analysis. As we know, SMAT can enhance the nitrogen diffusion ability in pure iron materials and result in significantly improved surface properties relative to those of the coarse-grain nitrided sample due to the "nano-effect". In this paper, the SNA method can not only offer the "nano-effect", but it also brings the alloy element into the nitrides, which may have a significant impact on the hardness and wear resistance, as will be shown later. To further investigate the phase information of the SNA nitrided sample, the XRD analysis was employed and its results are shown in Figure 4 . It can be observed that the surface layer of the SMAT nitrided sample consists of Fe 2-3 N and Fe 4 N phases. However, in the SNA sample nitrided under the same conditions, strong FeCr and Cr 2 N phase diffraction peaks can be observed, indicating that interdiffusion may happen during the nitriding process. These results can be confirmed by the TEM observation and the corresponding selected area electron diffraction (SAED, shown in Figure 5 ). From the TEM results, it can be seen that the composition of the surface layer of the SNA nitrided sample was found to be composed of an ultrafine polycrystalline compound. The phases include Fe 2-3 N, FeCr and Cr 2 N, and these results are in agreement with the XRD analysis. As we know, SMAT can enhance the nitrogen diffusion ability in pure iron materials and result in significantly improved surface properties relative to those of the coarse-grain nitrided sample due to the "nano-effect". In this paper, the SNA method can not only offer the "nano-effect", but it also brings the alloy element into the nitrides, which may have a significant impact on the hardness and wear resistance, as will be shown later. To further investigate the phase information of the SNA nitrided sample, the XRD analysis was employed and its results are shown in Figure 4 . It can be observed that the surface layer of the SMAT nitrided sample consists of Fe2-3N and Fe4N phases. However, in the SNA sample nitrided under the same conditions, strong FeCr and Cr2N phase diffraction peaks can be observed, indicating that interdiffusion may happen during the nitriding process. These results can be confirmed by the TEM observation and the corresponding selected area electron diffraction (SAED, shown in Figure 5 ). From the TEM results, it can be seen that the composition of the surface layer of the SNA nitrided sample was found to be composed of an ultrafine polycrystalline compound. The phases include Fe2-3N, FeCr and Cr2N, and these results are in agreement with the XRD analysis. As we know, SMAT can enhance the nitrogen diffusion ability in pure iron materials and result in significantly improved surface properties relative to those of the coarse-grain nitrided sample due to the "nano-effect". In this paper, the SNA method can not only offer the "nano-effect", but it also brings the alloy element into the nitrides, which may have a significant impact on the hardness and wear resistance, as will be shown later. To further investigate the phase information of the SNA nitrided sample, the XRD analysis was employed and its results are shown in Figure 4 . It can be observed that the surface layer of the SMAT nitrided sample consists of Fe2-3N and Fe4N phases. However, in the SNA sample nitrided under the same conditions, strong FeCr and Cr2N phase diffraction peaks can be observed, indicating that interdiffusion may happen during the nitriding process. These results can be confirmed by the TEM observation and the corresponding selected area electron diffraction (SAED, shown in Figure 5 ). From the TEM results, it can be seen that the composition of the surface layer of the SNA nitrided sample was found to be composed of an ultrafine polycrystalline compound. The phases include Fe2-3N, FeCr and Cr2N, and these results are in agreement with the XRD analysis. As we know, SMAT can enhance the nitrogen diffusion ability in pure iron materials and result in significantly improved surface properties relative to those of the coarse-grain nitrided sample due to the "nano-effect". In this paper, the SNA method can not only offer the "nano-effect", but it also brings the alloy element into the nitrides, which may have a significant impact on the hardness and wear resistance, as will be shown later. 
Surface Properties of SNA Nitrided Sample
The variation of the hardness along the depth in the SNA sample nitrided at 550 • C is shown in Figure 6 , in comparison with that of the SMAT sample nitrided in the same conditions. It should be noted that a hardness value of 1168 HV was obtained on the surface layer of the SNA nitrided sample, which is a significantly higher value than that recorded for the SMAT nitrided sample (846 HV). The variation of the hardness along the depth revealed the presence of a hardened surface layer, which was defined by the distance from the surface to the point where the microhardness was 50 HV higher than that in the matrix. This hardened surface layer is more than 350 µm in thickness for the SNA nitrided sample. In comparison, the hardness was approximately 846 HV at the surface and decreased sharply to the substrate value within 280 µm of the surface of the SMAT nitrided sample. 
The variation of the hardness along the depth in the SNA sample nitrided at 550 °C is shown in Figure 6 , in comparison with that of the SMAT sample nitrided in the same conditions. It should be noted that a hardness value of 1168 HV was obtained on the surface layer of the SNA nitrided sample, which is a significantly higher value than that recorded for the SMAT nitrided sample (846 HV). The variation of the hardness along the depth revealed the presence of a hardened surface layer, which was defined by the distance from the surface to the point where the microhardness was 50 HV higher than that in the matrix. This hardened surface layer is more than 350 μm in thickness for the SNA nitrided sample. In comparison, the hardness was approximately 846 HV at the surface and decreased sharply to the substrate value within 280 μm of the surface of the SMAT nitrided sample. Measurements of volume losses of wear scars at various loads ranging from 5 to 50 N were performed on the SNA nitrided sample and the SMAT nitrided sample, respectively, as depicted in Figure 7 . The wear volume loss values of both samples increased with the longer testing time, but the wear volume losses of the SNA nitrided sample were remarkably smaller than those of the SMAT nitrided sample for each sliding time. For example, the wear loss of the SNA nitrided sample was less than one half of that of the SMAT nitrided sample at load of 50 N. This observation indicates that the wear resistance of the SNA nitrided sample is better than that of the SMAT nitrided sample. Measurements of volume losses of wear scars at various loads ranging from 5 to 50 N were performed on the SNA nitrided sample and the SMAT nitrided sample, respectively, as depicted in Figure 7 . The wear volume loss values of both samples increased with the longer testing time, but the wear volume losses of the SNA nitrided sample were remarkably smaller than those of the SMAT nitrided sample for each sliding time. For example, the wear loss of the SNA nitrided sample was less than one half of that of the SMAT nitrided sample at load of 50 N. This observation indicates that the wear resistance of the SNA nitrided sample is better than that of the SMAT nitrided sample.
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The variation of the hardness along the depth in the SNA sample nitrided at 550 °C is shown in Figure 6 , in comparison with that of the SMAT sample nitrided in the same conditions. It should be noted that a hardness value of 1168 HV was obtained on the surface layer of the SNA nitrided sample, which is a significantly higher value than that recorded for the SMAT nitrided sample (846 HV). The variation of the hardness along the depth revealed the presence of a hardened surface layer, which was defined by the distance from the surface to the point where the microhardness was 50 HV higher than that in the matrix. This hardened surface layer is more than 350 μm in thickness for the SNA nitrided sample. In comparison, the hardness was approximately 846 HV at the surface and decreased sharply to the substrate value within 280 μm of the surface of the SMAT nitrided sample. Measurements of volume losses of wear scars at various loads ranging from 5 to 50 N were performed on the SNA nitrided sample and the SMAT nitrided sample, respectively, as depicted in Figure 7 . The wear volume loss values of both samples increased with the longer testing time, but the wear volume losses of the SNA nitrided sample were remarkably smaller than those of the SMAT nitrided sample for each sliding time. For example, the wear loss of the SNA nitrided sample was less than one half of that of the SMAT nitrided sample at load of 50 N. This observation indicates that the wear resistance of the SNA nitrided sample is better than that of the SMAT nitrided sample. 
